Introduction {#S1}
============

E-cadherin is a member of the classical family of cadherins. Cadherins have been shown to play an important role in embryonic development and adult tissue homeostasis. These membrane spanning proteins mediate calcium dependent cell adhesion and cell junction formation, with E-cadherin being an integral component of the adherens junctions (AJs) and principal organizer of the epithelial phenotype ([@R1], [@R2]). The cytoplasmic tail of E-cadherin is associated with various catenins (α, β, p120) that link to the cytoskeleton and mediate down-stream signaling effects ([@R3]-[@R5]). These include the Hippo, Wnt, TGFβ, NF-κB and other growth factor signaling pathways ([@R6]-[@R8]). The loss of E-cadherin expression is associated with tumor progression and metastasis. Experimental studies show that re-expression of E-cadherin in cancer cells lacking it can prevent tumor progression and invasion making E-cadherin a classic tumor suppressor ([@R9]). This is explained in part due to E-cadherin's adhesive function at the cell surface, which holds cells together, facilitates other cell--cell interactions and physically blocks the movement of cells ([@R10]-[@R12]). Further, E-cadherin homophilic binding can also lead to contact mediated inhibition of growth through modulation of growth inhibitory signals including the Hippo pathway, growth factor receptor tyrosine kinase (RTK) and Src family kinase signaling pathways ([@R6], [@R13]).

Unlike unicellular organisms, where cell growth and multiplication depend solely on the availability of nutrients in the surrounding environment, multicellular organisms have to sense adjoining cells and control their cell number and size. They have the ability to control cell growth and division mediated by contact between neighboring cells ([@R14]). The concept of contact inhibition refers to two different but related phenomena, contact inhibition of proliferation (CIP) and contact inhibition of locomotion (CIL) ([@R15]).

CIP refers to the phenomenon where cell proliferation is inhibited by cell density, often attributed to cell--cell contact. The basic properties of this phenomenon were established in the 1960s, along with the observation that such density-dependence of cell proliferation was also lost in transformed cells ([@R14]). CIP is important for development of normal differentiated tissues and is tightly regulated for proper tissue morphogenesis and organ development. Under normal circumstances, CIP is overcome in rapidly growing tissues during embryonic development, tissue regeneration, and wound healing. However, uncontrolled growth because of the loss of contact inhibition is a key step in the initiation and progression of several types of cancer. The underlying regulatory mechanisms of the contact inhibition of proliferation remain poorly understood, although cadherin-mediated cell--cell adhesion is thought to play an important role ([Figure 1](#F1){ref-type="fig"})([@R16], [@R17]).

On the other hand, CIL is the process through which cells cease moving after cell-cell contact, and it reduces migration of cells during development and malignant invasion of tumor cells. CIL was first observed by Abercrombie and Heaysman in the 1950s when they discovered that the direction of migration of chick heart fibroblasts was modified by their interaction with other cells ([@R15], [@R18], [@R19]). Even though E-cadherin has been implicated in regulation of CIL ([@R20]), in this review we will focus on the role of E-cadherin in contact inhibition of proliferation and cancer progression.

E-cadherin in contact inhibition of proliferation {#S2}
=================================================

Early observations found that membrane fractions slowed proliferation of sub-confluent cells and were important in initiating CIP ([@R21], [@R22]). Cell junction proteins that mediate cell-cell contact and a part of the membrane fractions were thus hypothesized to be key players in this process. Evidence for the role of E-cadherin in contact inhibition was obtained in cell culture when the absence of E-cadherin in cancer cell lines resulted in loss of CIP, which could be reversed by restoring E-cadherin expression ([@R23]). Additionally, when cells displayed CIP, disruption of E-cadherin binding between cells by treating them with E-cadherin blocking antibodies led to resumption of cell proliferation ([@R24]). The adhesion complex of E-cadherin with the catenins that link it to the actin cytoskeleton is important in this process as lung carcinoma cell lines that lack α-catenin have restored CIP upon its re-expression ([@R25]). E-cadherin could either affect CIP indirectly by bringing other cell surface receptors into contact or directly through homophilic ligation and downstream signaling. To demonstrate that the homophilic ligation of E-cadherin receptor was sufficient to regulate cell proliferation, independent of other cell interactions, Perrais et al applied E-cadherin coated beads to cells grown at low confluence and showed that E-cadherin ligation reduced cell proliferation, without affecting apoptosis ([@R26]). Recent studies have shown that this is through E-cadherin mediated regulation of the growth inhibitory Hippo signaling pathway which will be discussed in more detail in the following sections ([@R6]).

Another feature of CIP is the decrease in stimulation of cell proliferation in response to growth factors. Using micro-patterned substrata, Kim et al showed that the amount of EGF required to induce cell proliferation increased with an increase in cell density. A decrease in cell proliferation was observed in response to EGF treatment when E-cadherin was overexpressed and was reversed when E-cadherin was knocked down ([@R27]). This suggests that EGF induced cell proliferation depends upon E-cadherin mediated cell contact rather than just an increase in cell density.

Several mechanisms of how E-cadherin and AJs affect contact inhibition have been proposed. These include sequestration of the growth factor receptors, formation of junctional fences that prevent access to growth factors and alterations in downstream signaling events, and have been covered in several reviews (for review, see ([@R28]-[@R31])). The cadherin complex can recruit the core components of the RNA-induced silencing complex (RISC) and multiple messenger RNAs and mature microRNAs via PLEKHA7 ([@R32]). They can also regulate Wnt/β-catenin, TGF-β, stem cell signaling and expression of MYC, JUN, and SOX2 mRNAs, thus playing an important role in maintenance of epithelial homeostasis ([@R32]). Other studies have unveiled that various mechanical cues, including actomyosin activity, individual cell areas, shape and stiffness, strain and topography of extracellular substrates affect proliferation of confluent epithelial cells ([@R33]). Although, it is incompletely understood how E-cadherin ligation and cytoskeletal tension cooperate to achieve contact inhibition of epithelial cell proliferation, many of these mechanical cues entail regulation of the growth inhibitory Hippo pathway discussed below.

The Hippo pathway and contact inhibition {#S3}
========================================

The Hippo-Yap signaling pathway has been implicated in the contact inhibition of growth mediated by E-cadherin and other cell junction proteins ([@R6], [@R34]-[@R37]). The Hippo pathway is a highly regulated growth inhibitory pathway involved in organ size control, tissue development and regeneration, as well as in cancer initiation and progression. The core of the Hippo pathway consists of a kinase cascade, in association with several key scaffold proteins, which control YAP stability, nuclear localization, and transcriptional activation of its target genes ([Figure 2](#F2){ref-type="fig"}) ([@R38]). Briefly, mammalian serine/threonine protein kinases MST1/2 (STK4/3; homologs of Drosophila Hippo) phosphorylate and activate large tumor suppressor 1/2 (LATS1/2; homologs of Drosophila Warts) which then phosphorylates the transcriptional activators Yes-associated protein (YAP) and transcriptional co-activator with PDZ-binding motif (TAZ); homologs of Drosophila Yorkie (Yki). Phosphorylation of YAP/TAZ prevents their translocation to the nucleus and in some cell types it stimulates their degradation. Nuclear YAP and TAZ bind to the TEAD transcription factor family (homologs of Drosophila Scalloped \[Sd\]), and induce expression of a wide range of genes that enhance cell proliferation and survival.

Activation of Hippo signaling by contact inhibition is readily observed as a decrease in the nuclear localization of YAP when cells are grown at high density in the absence of serum or growth factors. A direct role for E-cadherin-dependent cell contacts in the stimulation of the Hippo pathway has been demonstrated in some studies ([@R6], [@R36]). Also α-catenin has been found to regulate Hippo signaling ([@R39]-[@R41]), presumably due to its interaction with E-cadherin, although cadherin-independent activities of α-catenin have been proposed. E-cadherin stimulation of Hippo signaling depends on NF2/merlin ([@R6], [@R36]), which interacts with cadherins via α-catenin ([@R42]). NF2/merlin is a tumor suppressor protein that has long been implicated in contact inhibition of growth via several different mechanisms in addition to regulation of the Hippo-Yap pathway ([@R43], [@R44]). Tight junctions and associated apical polarity complexes also stimulate the Hippo pathway. Crumbs/Crb3 (mammalian Crumbs) and PatJ interact with NF2/merlin and angiomotin to stimulate the pathway ([@R37], [@R45]). E-cadherin-catenin and tight junction/polarity complexes likely function in parallel to stimulate Hippo signaling and mediate contact inhibition, acting to assess the integrity of the epithelial cell layer ([@R34], [@R46]).

The junctional localization of Lats plays an important role in regulation of the Hippo pathway. Lats (Warts) is the key kinase for the regulation of Yap/TAZ/Yorkie in the Hippo pathway; despite its name the Hippo pathway can sometimes be activated by upstream regulators independent of Hippo/Mst ([@R47]). Indeed, Lats interacts with several junction-associated proteins, which may control its activity more directly. In *Drosophila* Warts interacts predominantly with ajuba (Djub) and Expanded (and sometimes merlin) ([@R39], [@R48]), while in mammalian cells its main interactions with the membrane are mediate by NF2/merlin and angiomotins (no Drosophila homolog) ([@R36], [@R37], [@R45]). In one study, LATS1/2 and MST1/2 were found to be recruited by NF2/merlin and the scaffolding protein SAV1, respectively, to the plasma membrane where LATS1/2 are phosphorylated and activated by MST1/2 ([@R48]). In other recent *Drosophila* studies found that inactive Wts was localized at adherens junctions through interactions with ajuba and α-catenin, and relocation of Wts and Hippo to Crumbs--Expanded sub-apical membrane domain induced Wts phosphorylation and activation ([@R39], [@R49]). In mammals LATS1/2 is recruited to Crb3 at the apical membrane domain via NF2/merlin to induce YAP phosphorylation and thereby control airway cell differentiation ([@R50]). Angiomotin interacts with both NF2/merlin and Lats (as well as YAP) and its localization and phosphorylation state regulate the activity of the Hippo pathway in the early mouse embryo, which controls the differentiation of the trophectoderm versus inner cell mass ([@R36]). In the non-polarized inner cell mass E-cadherin recruits angiomotin via NF2/merlin to stimulate the pathway and inhibit nuclear accumulation of YAP. On the other hand, in the polarized outer trophectodermal cells, angiomotin is re-localized away from the E-cadherin contacts to the apical membrane, leading to inactivation of Lats and YAP nuclear accumulation. Thus, the assembly of complexes containing Lats at AJs and/or tight junctions mediates activation of the pathway, by both Hippo-dependent and Hippo independent mechanisms.

Aside from YAP phosphorylation, some studies have suggested that YAP is inactivated by physical sequestration at the membrane due to its direct binding to junctional/membrane proteins ([@R40], [@R51]). Although YAP can interact directly with some membrane-associated proteins, including angiomotin, it does not need to be membrane associated to remain out of the nucleus, and most of the nonnuclear YAP is present in the cytosol ([@R6], [@R52]). More likely, the association of YAP with membrane proteins is transient and control of its localization is a catalytic process resulting from its phosphorylation by Lats; and interaction of Lats with specific membrane complexes seems to control its catalytic activity.

Hippo-YAP signaling has also been shown to be regulated by mechanotransduction, responding to cell shape, cytoskeletal integrity, and tension across the cell or tissue, which has generated a great deal of excitement in the field ([@R39], [@R53]-[@R56]). Given the roles of cell junctions in the organization of the cytoskeleton and transmission of tension in tissues, this raises an important question about the relationship between contact inhibition and mechanotransduction. Importantly, they act reciprocally, with contact inhibition stimulating the Hippo pathway and reducing nuclear YAP while increased tension and/or actin cytoskeletal assembly leads to increased nuclear YAP. It has been proposed that the state of the actin cytoskeleton could regulate the pathway independent of cell junctions, but little is known about the potential mechanism ([@R53], [@R54]). One study claimed that a change in cell shape per-se is more important for regulation of YAP when cells grow to high density than the role of cell contacts ([@R53]). This phenomenon was proposed to regulate nuclear YAP independent of Lats or other Hippo activities; however most other studies have found that the regulation of YAP by the cytoskeleton depends on Lats ([@R39], [@R55], [@R57], [@R58]). Another possibility is that the state of the cytoskeleton influences the regulation of Lats by angiomotin, which has been shown to bind to actin filaments ([@R45], [@R59]). However, various cell junctions are major sites of actin cytoskeleton attachment to the membrane and represent the sites at which cytoskeletal tension is exerted, and therefore may be where the Hippo pathway is controlled.

Tension across cell junctions has indeed been shown to stimulate nuclear accumulation of YAP/yorkie via inhibition of Lats/Warts. Increasing tension at adherens junctions in *Drosophila* epithelia cause recruitment of ajuba to α-catenin associated with E-cadherin, which inhibits Warts activity resulting in inhibition of the pathway ([@R39]). A similar process may occur in mammalian epithelia, since stretching the cell monolayer results in YAP nuclear accumulation by a mechanism requiring intact AJs ([@R56]). Signaling at integrin-mediated adhesions with the extracellular matrix via Src kinase activation has also been found to stimulate nuclear accumulation of YAP in several systems ([@R13], [@R60], [@R61]) In one case Src was found to act directly on YAP independent of Lats ([@R61]), but in the others Src acted through PI3 kinase to inhibit Lats activity ([@R13], [@R60]), similar to the control of Lats and YAP by growth factor receptor signaling through PI3K ([@R52]). Control of YAP by integrin signaling depended on Focal Adhesion Kinase (FAK) ([@R13]), which is known to be dependent on tension at focal adhesions, indicating that this mechanism is a form of mechanotransduction.

These findings raise the question of whether stimulation of the Hippo pathway by the formation of cadherin- and tight junction-mediated contacts is mechanistically related to the inhibition of the pathway by actomyosin dependent tension across AJs. Formally, tension induced inhibition of the pathway at junctions could be the predominant signaling process, with high cell density and contact relieving the tension between cells. However, artificial simulation of E-cadherin contacts using E-cadherin coated beads, which presumably have little effect on tension between cells, is able to stimulate the pathway ([@R6]). Furthermore, it makes sense that activation of the Hippo pathway activity is required in order for it to become inhibited, leading to YAP nuclear accumulation. Formation of cell contacts may recruit Hippo pathway complexes and stimulate the pathway. Subsequent tension could overcome this process and inhibit the pathway. Whether the pathway inhibition by tension is an independent event or the reversal of pathway activation is unclear. The finding that ajuba recruitment to α-catenin in response to tension across cell junctions acts to inhibit Warts activity ([@R39]) suggests that mechanotransduction acts by additional steps. However, ajuba mediated inhibition of Warts at the AJ may act to prevent assembly and activation of the Hippo complex at the Crumbs-Apical polarity membrane ([@R49]). More work will be required to elucidate the relationship between these mechanisms.

E-cadherin and Cancer {#S4}
=====================

Contact Inhibition and Cancer {#S5}
-----------------------------

CIP mimics normal tissue homeostasis contributing to organization of cells in normal tissues which is lost during the course of tumorigenesis and leads to abnormal tissue outgrowth. However several cancer cell lines and transformed cells overcome contact inhibition and continue to proliferate when they reach confluence, growing on top of each other and forming clumps unlike in a normally organized cell monolayer ([Figure 1](#F1){ref-type="fig"}) ([@R14]). The loss of contact inhibition is considered one of the hallmarks of cancer and disrupts normal signal transduction pathways that result from cell contact and cell-cell interactions ([@R16], [@R62]).

To address whether loss of CIP played a role in tumor progression when E-cadherin was perturbed, Navarro et al re-expressed E-cadherin in cancer cell lines lacking it and observed a decrease in tumor size ([@R9]). This suggested that E-cadherin expression in these tumors could inhibit cell proliferation and contribute to CIP. Apart from CIP, loss of E-cadherin has been associated with advanced tumor stages and poor prognosis in patients with cancer. It is clear that E-cadherin and the cell-cell interactions it mediates play an important role in cancer progression and establishment of metastases. However, the molecular factors that relate cell junctions to tumor development and metastasis are still being uncovered. Here we discuss some of the roles of E-cadherin in cancer development and progression.

E-cadherin in cell migration and cancer metastasis {#S6}
--------------------------------------------------

The loss of E-cadherin is a key characteristic of Epithelial to Mesenchymal transition (EMT) during which cells lose their epithelial phenotype and gain a more migratory mesenchymal phenotype ([@R63]). To form metastatic tumors, cancer cells must first detach from the primary tumor which can be facilitated by the EMT process ([Figure 3](#F3){ref-type="fig"}). The functional loss of cell adhesion and cell junctions mediated by loss of E-cadherin homophilic binding enables cells to dissociate from the primary tumor, invade surrounding tissues and migrate to distant sites and establish metastatic tumors. Several transcriptional factors, including Snail, Slug, Twist, and Zeb1/2, are important for initiating EMT during embryogenesis, and are commonly mysregulated during cancer development ([@R64]). These transcription factors have been shown to directly inhibit E-cadherin gene expression, activate EMT and prevent E-cadherin mediated suppression of tumor cell motility and invasiveness ([@R64]). E-cadherin expression can also be altered through accumulation of mutations, loss of heterozygosity and epigenetic regulation of its expression resulting in promoter methylation. Loss of E-cadherin expression can promote tumor cell invasion and metastasis whereas increased expression of E-cadherin has been shown to reverse these phenotypes ([@R65]).

EMT was originally thought to be necessary for epithelial cancer cells to acquire their migratory and invasive ability, and facilitate dissemination to distant tissues. However, recent studies have found that E-cadherin is often expressed in metastatic tumor cells ([@R63], [@R66]-[@R68]). One explanation is that the reverse phenomenon or Mesenchymal to Epithelial transition (MET) might take place after cells metastasize ([@R67]). Re-expression of E-cadherin in this setting is shown to increase binding to cells at the metastatic site and facilitate tumor cell survivability. However some tumors are further characterized by maintenance of a high level of E-cadherin throughout the metastatic process.

This observation that human cancers expressing an abundance of E-cadherin can actually metastasize without undergoing EMT poses the question of how they leave primary tumors. One hypothesis is that E-cadherin expressing tumor cells have the ability to down-regulate the adhesive activity of E-cadherin without affecting its expression at the cell surface. To test this hypothesis, Petrova et al. used tumor cells that retained E-cadherin expression even during metastasis and treated them with E-cadherin activating antibodies that increase E-cadherin adhesive activity on the cell surface ([@R68]). They found that stimulating the activity state of E-cadherin on the cell surface led to inhibition of metastatic progression despite high levels of E-cadherin expression. This finding is important as it suggests that E-cadherin can be allosterically regulated at the cell surface and adhesion can be regulated apart from cell surface expression.

The maintenance of E-cadherin expression for stable physical links between cells plays an essential role in this collective migration. These tumor cell clusters retain their epithelial phenotype and have been found to be more effective at establishing metastases than single cells ([@R69], [@R70]). It is suggested that cancer cell clusters can transition between distinct epithelial differentiation states to accomplish the proliferative versus migratory components of metastasis. E-cadherin has been shown to function in a positive feedback loop with Rac and the actin cytoskeleton to stabilize forward-directed protrusion and directionally persistent movement ([@R71], [@R72]). This mechanism could be important in several epithelial cancers that exhibit collective tumor cell invasion in culture.

E-cadherin in tumor initiation and progression {#S7}
----------------------------------------------

The role of E-cadherin as a tumor suppressor has been ascribed primarily as a result of its loss in EMT and/or regulation during establishment of metastasis. Apart from its role in metastasis, where its loss is associated with increased tumor cell migration and invasion, E-cadherin may also play a role in primary tumor development and progression. Changes in E-cadherin levels, adhesive strength and downstream signaling effects other than complete loss of expression at the cell surface may be important for these processes.

Analysis of the cancer genome atlas (TCGA) database shows that E-cadherin is frequently mutated in several types of cancers. Of particular interest is its role in hereditary diffuse gastric cancer (HDGC). Germline mutations in CDH1 (E-cadherin) are known to be a causal factor for HDGC, with 30% to 50% of all patients harboring such a mutation ([@R73]). Studying the HDGC mutations have provided important insights into the mechanisms of cadherin regulation. Though the majority of HDGC mutations are nonsense mutations leading to truncation or absence of the E-cadherin protein, about 20% are missense mutations leading to changes in the protein amino acid sequence. These mutations occur throughout E-cadherin protein including both the extracellular and cytoplasmic domains and mutated E-cadherin is still expressed on the cell surface. Though hypothesized to lack adhesive ability, interfere with E-cadherin calcium binding sites, or increase proteolytic degradation, some of these cancer causing mutations are not in residues known to mediate the homophilic binding. When expressed in tumor cells, mutated E-cadherin was shown to still retain adhesive activity with some differences in migratory behavior of tumor cells. This implies that mutations in E-cadherin can initiate tumor development and metastases through mechanisms other than through loss of cell-cell adhesion. One possibility is that these mutations allosterically regulate E-cadherin signaling analogous to integrin regulation ([@R68], [@R74]-[@R76]). This form of surface regulation has been previously shown to be involved in cell rearrangements and tissue morphogenesis in C-cadherin regulation during Xenopus gastrulation and could impact tumor development and progression ([@R77]).

E-cadherin signaling in cancer {#S8}
==============================

E-cadherin mediated AJs are hubs of intracellular signaling that regulate cell proliferation, survival, invasion, and migration. Mutations in E-cadherin and the catenins that link it to the cytoskeleton, their protein levels or cellular localization have been implicated in several types of cancer. This could be in part due to alterations in E-cadherin mediated signaling. E-cadherin is involved in several oncogenic pathways including activation of Wnt signaling by nuclear localization of β-catenin, PI3K and MAPK in response to EGF ligands and growth factors, and more recently, the Hippo signaling pathway ([Table 1](#T1){ref-type="table"}) ([@R4], [@R6], [@R28], [@R52]). Here we discuss some of the molecular mechanisms underlying the role of the cadherin-catenin system in the regulation of cell proliferation, invasion, and intracellular signaling during cancer development and progression.

Cadherin and regulation of the Wnt signaling pathway {#S9}
----------------------------------------------------

β-catenin is the main nuclear effector of the Wnt signaling pathway. When Wnt signaling is activated, β-catenin is stabilized and translocates to the nucleus where it interacts with TCF to activate target gene expression ([Figure 4](#F4){ref-type="fig"}). Apart from the Wnt pathway, it is important in other aspects of cadherin biology and cell signaling by mediating the functional interaction of cadherin with the actin cytoskeleton. This suggests a relationship between cadherins and Wnt signaling. Studies have shown that increased levels of cadherins on the cell surface can bind β -catenin and sequester it at the membrane, thereby antagonizing Wnt signaling preventing nuclear translocation of β-catenin ([@R78]-[@R81]). Also, reductions in cadherin levels can release β-catenin bound at the cell surface and enhance nuclear β-catenin signaling events in the presence of Wnt ([@R82]). This can be explained by the structural evidence that demonstrated β-catenin uses the same binding interface to interact with both TCF and cadherin ligands. Cadherins have a superior binding affinity to β-catenin and out compete the TCF- β-catenin interaction thereby preventing transcriptional activation of target genes ([@R4]). Taken together, these data have led to the common perception that cadherin loss promotes tumorigenesis by effectively releasing membrane-bound β-catenin into the cytosol, hence stimulating canonical Wnt signaling. However, although these experiments demonstrate that cadherin levels can affect β-catenin signaling, the idea that cadherin loss leads to nuclear translocation of free β-catenin and activation of target gene expression is not necessarily true. For example, analysis of breast cancer cell lines with transcriptional silencing of the E-cadherin gene does not support a correlation between loss of E-cad expression and activation of β-catenin signaling ([@R83]). According to several reports, gastric and pancreatic cancer cell lines that lack E-cadherin also do not manifest a corresponding upregulation of β-catenin signaling ([@R83], [@R84]). Moreover, depletion of E-cadherin in a mouse model for pancreatic cancer showed no activation of β-catenin signaling with the progression of these tumors ([@R85]). These findings suggest that β-catenin released from AJs is degraded under normal conditions with the Axin/APC degradation complex. Additional events, including Wnt activation, compromised proteasomal degradation of β-catenin, its tyrosine phosphorylation, and possibly a release from transcriptional inhibition, may be required to activate β-catenin signaling ([@R10]).

E-Cadherin and Hippo pathway in cancer {#S10}
--------------------------------------

The activity of the Hippo pathway is frequently deregulated in several human cancers, though surprisingly the components of the pathway are not frequently mutated. Mutations occur in Merlin (NF2), a bona fide tumor suppressor gene particularly in schwannomas. Also an infrequent but highly penetrant activating mutation in YAP has been associated with lung cancer ([@R86]). Inhibition of the Hippo pathway through overexpression of YAP, or its constitutively active 5SA mutant lead to organ overgrowth and tumor development in mouse livers and mammary glands ([@R38], [@R87]). Similarly, altering other mediators of the pathway, such as downregulation of Lats1/2 activity has similar effects on tumor development. As discussed earlier E-cadherin is an important upstream regulator of activation of the Hippo signaling pathway and response to EGF growth factor signaling. E-cadherin re-expression in the MDA-MB-231 breast cancer cells lacking E-cadherin, leads to decreased response to growth factor stimulation, activation of the Hippo signaling pathway and reduced proliferation in these cells ([@R6]). In ErbB2/EGFR-transgenic mice, it was observed that YAP accumulated in nuclei of mammary glands, suggesting that EGFR signaling affects YAP in vivo similar to cell culture. The expression of dominant-negative Lats, which inhibits Hippo signaling lead to tumor formation in these ErbB2-transgenic mice, suggesting that Hippo signaling is involved in EGFR-induced mammary tumorigenesis ([@R87]).

However, little is known whether loss/mutations in E-cadherin regulate Hippo signaling and affect cancer development and progression. It is possible that some of the cancer promoting effects of loss of E-cadherin result in deregulation of Hippo signaling and nuclear localization of YAP. This could lead to activation of growth promoting and anti-apoptotic genes that allow tumor cells to overcome contact-inhibition, tumor growth and cancer progression. The role of E-cadherin in cell migration could be linked to the activation of the Hippo pathway by altering merlin localization. Recently, Das and colleagues found that during initiation of cell migration, E-cadherin mediated contractile pulling forces across the cell-cell boundary localize cortical merlin to the cytoplasm, facilitate Rac1 activation and lamellipodia formation ([@R88]). Survival of tumor cells that lose E-cadherin and detach from the primary tumor may also be affected by Hippo signaling. Inactivation of the Hippo pathway enables individual tumor cells to escape from induction of anoikis due to cytoskeletal re-organization, allowing enhanced survival while circulating in the bloodstream, thereby facilitating metastasis ([@R89]).

Cadherins and growth factor signaling {#S11}
-------------------------------------

E-cadherin dependent regulation of growth factor signaling is crucial during development and in maintaining tissue homeostasis. In the Drosophila intestine an E-cad--Rho--EGFR cascade couples stem cell division to enterocyte apoptosis ([@R90]). E-cadherin adhesion controls secretion of EGF by inhibiting transcription of the EGF maturation factor rhomboid, thereby controlling stem cell proliferation and organ size. E-cadherin mediated tension can localize EGFR signaling for proper polarization of cells in epithelial barriers ([@R91]). Thus dysregulation of E-cadherin can lead to tissue dysmorphogenesis through altered growth factor signaling.

The role of E-cadherin on tumorigenesis by modulation of mitogenic signaling was first hypothesized when it was observed that cadherin adhesion resulted in contact inhibition and decreased cell proliferation in the PC9 lung carcinoma cell lines ([@R25]). Many epithelial cancers have elevated levels of EGF receptor which is implicated in cell proliferation, invasion and metastasis ([@R92]). E-cadherin co-accumulates with EGFR at cell contacts and can physically interact with EGF and other members of the ErbB receptor tyrosine kinase family ([@R93]). This is thought to modulate the accessibility of the receptor and inhibit cell responsiveness to EGF stimulation ([@R8]). E-cadherin ligation has also been shown to partially inhibit EGFR-mediated growth signaling by preventing the transphosphorylation of Tyr-845 of EGFR by Src family kinases and downstream inhibition of the Hippo pathway ([@R6], [@R8], [@R26], [@R94]). E-cadherin can interact with other receptors including Met (HGF receptor) at the AJs and mediate downstream signaling though HGF in breast cancer cells ([@R95]). The reduction in cell proliferation characteristic of dense cell cultures is thus mediated in part by cadherin-containing AJs that render the cells insensitive to growth factor stimulation.

While E-cadherin can influence tyrosine kinase signaling, the inverse is also true, growth factor signaling can also influence E-cadherin levels and cell-cell adhesion. Growth factors including EGF, HGF/scatter factor (SF), and FGF have been shown to initiate EMT ([@R64], [@R96]). They disrupt AJs and cause a dramatic switch in cell morphology by altering gene expression in which cells shift from an epithelial to a fibroblastic phenotype. Disruption of AJs by HGF stimulation involves the activation of PI3K, Src, MAPK and β-catenin-TCF transcriptional activity ([@R96]). EGF stimulation can lead to inhibition of the Hippo pathway through activation of the PI3K/ PDK pathway ([@R52]). These changes increase the migratory and invasive behavior of cells and facilitate tumor progression and metastasis.

Cadherins and Rho GTPases {#S12}
-------------------------

Another family of signaling molecules that are modulated by E-cadherin binding at the cell surface is the Rho family of small GTPases (Rho, Rac, and Cdc42) ([@R97]). In their active GTP-bound form, these Rho GTPases interact with and activate target proteins that regulate actin polymerization, cell motility, and gene expression. They thus play an important role in the assembly and maintenance of the AJs and facilitate remodeling of the actin cytoskeleton in response to growth factors and mechanical stimuli ([@R97]). Deregulation of these small GTPases in transformed cells has been shown to interfere with cadherin function and facilitate tumorigenesis. For example, E-cadherin expression in Non-small cell lung cancers alters cell proliferation and migration by reducing levels of RhoA or Cdc42 ([@R98]). In Ras-transformed cells that are inefficient in the assembly of AJs, expression of Tiam1, a Rac activator, can restore AJ assembly and epithelial morphology reducing cell migration and invasion ([@R99]). Further these Rho GTPases have been implicated in regulation of the Hippo pathway in response to mechanical stress and this crosstalk could further be responsible for E-cadherin mediated tumorigenesis ([@R100]).

Conclusions and future perspectives {#S13}
===================================

Much progress has been made in our understanding of the role of E-cadherin in CIP and cancer, yet there is no single answer as to how deregulation E-cadherin leads to tumor development and progression. As discussed above, E-cadherin is important in regulation of contact inhibition of proliferation through regulation of the Hippo signaling pathway. Other factors including cell shape, tension and size at high cell density have also been shown to be important in regulation of the Hippo pathway. Do these processes work together, or one initiates the other and are there ways to prevent inhibition of the pathway still need to be addressed. Loss of E-cadherin expression has been shown to be important in EMT and increased migratory and invasive behavior of tumor cells. But then again, E-cadherin expression was shown to promote collective cell migration and metastasis in several cancer models. Additionally, not much is known about how changes in surface expression of E-cadherin or the HDGC mutations can affect E-cadherin binding and down-stream signaling in cells. Allosteric regulation of the E-cadherin homophilic bond could lead to subtle changes in down-stream signaling effects that could impact tumor progression. Which signaling pathways are important, are they relevant *in-vivo* and how can we use this information to treat patients with cancer is still the universal question that has yet to be answered. Though we are making progress, there is still a lot to learn.
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![E-cadherin mediates contact inhibition of proliferation\
In culture, normal cells stop proliferating once they reach confluence upon homophillic E-cadherin binding, and subsequent formation of tight junctions. This results in mediating growth inhibitory signals and contact inhibition of proliferation (CIP). When cells either lose E-cadherin or E-cadherin is mutated, they continue proliferating, grow on top of each other and lose CIP.](nihms959889f1){#F1}

![Regulation of the Hippo signaling pathway\
The Hippo signaling pathway is activated upon E-cadherin mediated cell adhesion, formation of tight junctions and apical polarity complexes while mechanical stress inhibits the pathway. Activation leads to growth inhibition upon cell contact. When activated, the pathway components form a complex at junctions where Mst phosphorylates Lats which then phosphorylates YAP. Phosphorylated YAP is retained in the cytoplasm, and cell growth is inhibited. When Hippo signaling is inactivated, the complex dissociates, preventing subsequent phosphorylation of Lats and YAP. YAP then translocates to the nucleus, binds TEADs and activates target gene expression and cell proliferation.](nihms959889f2){#F2}

![E-cadherin in cell migration and establishment of metastasis\
A primary tumor can generate either single cells or clusters that spread through the bloodstream to form distant metastases. Loss of, or mutations in E-cadherin facilitate dispersion of tumor cells through altered cell adhesion or EMT. However some dispersed cells retain E-cadherin expression particularly in clusters that are hypothesized to enhance survival in the blood and at metastatic sites. Alternatively, tumor cells might re-express E-cadherin at distant sites and lead to establishment of metastases. Thus regulation of E-cadherin at multiple levels can contribute to the development of metastatic tumors as discussed in more detail in the text.](nihms959889f3){#F3}

![E-cadherin mediated regulation of the Wnt signaling pathway\
In the absence of Wnt, β-catenin is regulated by the combination of binding to the cytoplasmic domain of E-cadherin at the adherens junctions or degraded in the cytoplasm by the destruction complex (adenomatosis polyposis coli (APC), Axin, GSK3β). When Wnt signaling is activated, the destruction complex is inhibited, β-catenin is stabilized in the cytoplasm and translocates to the nucleus for activation of target gene expression. Loss of E-cadherin expression can thus free up β-catenin bound at the cell junctions which in the absence of Wnt signaling would likely be degraded by the destruction complex, or in the presence of Wnt enhance nuclear accumulation and target gene expression.](nihms959889f4){#F4}

###### 

E-cadhein signaling in cancer

  Pathway                Effector molecules               Cancer phenotypes
  ---------------------- -------------------------------- --------------------------------------------------------
  Wnt                    β-catenin, TCF, GSK              Stem cell phenotype, cell proliferation
  Hippo                  Mst, Lats, NF2, Amot, YAP        Cell proliferation, contact inhibition, anti-apoptosis
  RTKs, Growth Factors   EGFR, ErbB2, Met, EGF, HGF, SF   EMT, cell motility, cell proliferation
  GTPases                Rho A, Rac1,Cdc42                Cell motility, cell proliferation
